The present study deals with the effects of fiber loading and alkali treatment (AT) on thermal behavior of a hair fiber (HF)-reinforced high-density polyethylene (HDPE) composite. The HF/HDPE-reinforced polymer composite has been prepared through a compression molding technique, which provided optimum thermal stability at 15 wt% of the fiber in the reinforced composite. The thermal stability of the composite has been investigated using a thermal analyzer [thermogravimetric analysis (TGA), derivative thermogravimetric analysis (DTG) and differential scanning calorimetry (DSC)]. The ATs of HF-reinforced composites have affected the thermal stability of the material, in which the observed optimum thermal stability is 0.25 N AT 15% HF/HDPE-reinforced composites. Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and tensile test played an important role in the study of the thermal stability of the material. FTIR analysis was used to investigate the chemical groups between the fiber and matrix. The morphology of the fiber is beneficial for the study of the surface treatment effect on the HF. The tensile test examined the optimum strength at 0.25 N AT 15% HF/HDPE composite, and a good relationship between the thermal and mechanical properties was also observed.
Introduction
In recent years, rapid growth has taken place in the development of natural fiber-based reinforced polymer composites. Natural fibers are replacing the utilization of glass and other synthetic materials for the development of new reinforced polymer composites, as they have unique properties, are eco friendly and have favorable cost of processing [1] . Hair fiber (HF) is found in waste streams, and it has unique properties. So, we used it for the development of HF-based reinforced polymer composites. Excellent mechanical properties, low moisture absorption, chemical and corrosion resistance properties make it useful for applications in products such as furniture, architectural materials and more recently, in the automotive industry [2] . Keratin (protein) is a major constituent of the HF, which is 65%-95% of proteins, and the other constituents are water and lipid pigment, etc. Cuticle, cortex and medulla are the other three parts of the HF. Usually, the hair diameter ranges between 50 and 80 μm, the density is around 1.32 g/cm 3 , tensile strength is 150-350 MPa, and elongation at break is approximately 216.9% [3] . Surface modification forms the additional reactive sites on the surface, which improves the bonding strength and thermal stability of composite materials [4] [5] [6] [7] . Wielage et al. [8] observed the thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) study of flax-hemp base polypropylenereinforced composites. Araujo et al. [9] studied the effect of a coupling agent on the thermal properties of curaua/ high-density polyethylene (HDPE) composites. Khan and Alam [10] investigated the effect of the different chemical treatments (NaCl, NaOH and acrylamide monomer) on the thermal characterization of the coconut husk fiber. Blanco et al. [11] observed the thermal kinetics of polystyrene (PS) and polyhedral oligomeric silsesquioxane (POSS) nanocomposites with 3%, 5% and 10% fiber loading in composites. Bianchi et al. [12] prepared the nanocomposites of POSS/PS and also studied the thermal kinetics. Mittal and Sinha [13] investigated the surface treatments of fibers that affect the thermal study [TGA, derivative thermogravimetric analysis (DTG) and DSC] of bagasse fiber/epoxy composites. Prasad et al. [14] prepared a banana fiber-based low-density polyethylene composite and investigated the effect of the coupling agent and chemical technology on the different properties [X-ray diffraction (XRD), TGA, Fourier transform infrared (FTIR) spectroscopy, scanning election microscopy (SEM), mechanical strength and water absorption]. Srivastava and Sinha [15] developed the alkali-treated HF/HDPE-reinforced polymer composites. The mechanical and water absorption behaviors of these composites have been studied. Pal [16] observed the nanocomposite of halloysite nanotubes (HNT) and poly methyl methacrylate (PMMA). The different mechanical and dynamic behaviors of the nanocomposites have been studied and compared with carbon nanotube (CNT)-carbon nanofiber (CNF)-reinforced polymer nanocomposites. Granda et al. [17] have studied the thermal properties of Leucaena-based polypropylene-reinforced composites.
Numerous researchers have developed reinforced composites and improved the thermal stability of the composites with the help of fiber treatment. In the present study, the authors used HF with HDPE for the development of HF/HDPE-reinforced composites and studied the effect of surface modification on the thermal properties (TGA, DTG and DSC) of HF/HDPE composites with various fiber loadings (0 wt%, 5 wt%, 15 wt% and 25 wt%).
Materials and characterization

Materials and specimen preparation
In this study, all raw materials were procured from India. HDPE and HF were purchased from Rapid Coat Powder Coatings Pvt. Ltd. (Ghaziabad, India) and a local barber shop from Roorkee (India), respectively. We utilized waste HF directly as a natural fiber for our research. Preliminary, HF was washed with hot water to remove oil and other suspended particles. HF was washed with ethanol to remove the organic components and again washed with distilled water to remove the alcohol content. After that, the fiber was dried in a hot air oven for 24 h to remove the moisture content. Three types of fibers were used for sample preparation. Untreated fiber was used for sample preparation directly, but treated fibers were used after alkali treatment (0.25 N and 0.5 N NaOH) at 50°C for 1 h [6, 15] . The hot compression molding technique was used for the preparation of HF/HDPE-reinforced composites. The fibers were cut into pieces within the range of 5 to 10 mm length and mixed with matrix (HDPE) in a predetermined ratio (5%, 15% and 25%). The composite was mixed uniformly with a stirrer, and the sample was fed into the molding machine. The temperature of the machine was raised to 180°C and then switched off. The prepared composite was cooled in air, and 4-mm-thick sheets were prepared as per ASTM standards. The same phenomena were applied for all predetermined various fiber samples [13] [14] [15] .
Characterization
Fourier transformation infrared spectroscopy (FTIR)
An FTIR spectrometer (Nicolet 6700 series, Thermo Electron corporation, Nottingham, UK & OMNIC Specta software) was used to examine the spectrum analysis of untreated and treated composites. Potassium bromide (KBr) was used to develop the pellets of samples as a reference substance. For our study, the spectrum resolution of 4 cm −1 was used for the analysis of samples within the range of 4000-600 cm −1 [13] [14] [15] .
Scanning electron microscopy (SEM) analysis
The morphological study of untreated and alkali-treated HFs was examined using a scanning electron microscope (LEO-435VP, LEO Electron microscopy Ltd., USA & LEO system software) with an acceleration voltage of 0-30 kV.
A thin layer coating of gold was used for the SEM analysis of the fiber surfaces [12] [13] [14] .
Thermal properties test
The thermal behavior of the HF and HF/HDPE composites was observed via an EXSTAR TG/DTA 6300 (RT instruments Inc., Woodland, CA, USA & Seiko software). TGA, DTG and DSC analysis of the composites were done with a constant heating rate (10°C/min) from ambient temperature to 800°C in the presence of nitrogen atmosphere (flow rate = 200 ml/min). The thermal degradation of the composite was shown in percentage for polymer composites [10] [11] [12] [13] [14] .
Tensile mechanical test
The tensile test of the fiber and composites were investigated using the universal testing machine (INSTRON, 5500R; 5982, Instron engineering corporation, MA, USA & Bluehills software) as per ASTM D3822-07 and ASTM D3039 standards, respectively. During the tensile study, a cross head speed was maintained 2 mm/min for different gauge lengths (10-40 mm for fiber; 150 mm for composite). The gauge length and recursion test provide accurate results [12] [13] [14] [15] .
3 Results and discussion
FTIR analysis of reinforced HF composites
FTIR spectra of untreated and treated HFs are shown in Figure 1 . The FTIR spectrums of the fibers were affected by the alkali treatment (0.25 N and 0.50 N). In the FTIR spectrum, a broad peak of untreated fiber composite at 3438 cm −1 was observed, which corresponds to the O-H stretching vibration and a free hydroxyl group. This peak was reduced after using the 0.25-N alkali treatment of HF at 3424 cm −1 due to the removal of O-H stretching vibration and free hydroxyl group. Another two broad peaks were observed in all three types of fibers within the range of 2850-2929 cm −1 , which represents the C-H stretching vibrations. One more peak of all three types of fiber composites occurred at around 1169 cm −1 , and C-O stretching vibration and C-H wag (-CH 2 X) group were observed, which had shifted (1160 cm , which were shown at the C-H rock group and the C-Cl stretching vibration group, respectively [6, 7, 15] . 
Scanning electron microscopy (SEM) analysis of reinforced hair fiber composites
The morphology of the untreated, 0.25 N alkali treatment (AT) and 0.5 N AT HFs is shown in Figure 2A -C, respectively. In the SEM analysis, it was observed that the surface of the untreated fiber was smooth due to the presence of amino acids and impurities were shown in Figure 2A . Impurities were also found on the surface of the fibers, which reduced the interlocking between the fiber and the matrix. The alkali-treated HF (0.25 N AT and 0.5 N AT HF) surfaces were shown in Figure 2B and C. The surface of the fiber was more porous and rough, formed the pits on fiber surface up to a certain limit of AT at 0.25 N, which was useful for good interlocking between the fiber and the polymer. Due to further treatment (0.5 N alkali), the fractures were formed on the fiber surface, which reduced the strength of the fiber [6, 7, 15] .
Thermal properties of reinforced hair fiber composites
A TGA and DTG analyzer was used for the thermal study of untreated, treated HF and their reinforced composites. The DSC study of fibers and HDPE resins was also done for the observation of the amount of heat absorbed or released during such transitions.
TGA analysis
The TGA thermograms of the HDPE resin, untreated HF (UTHF), alkali-treated HF (ATHF), untreated HF/HDPE composite, and treated HF/HDPE composites are shown in Figures 3-6 . There are three different zones of degradation. Small and high weight losses are observed due to the removal of moisture and degradation of samples in primary and middle zones. In the last zone, very slow degradation is observed in the presence of residue in the samples. The onset temperature (T o ), the final degradation temperature (T f ) and corresponding weight loss (wt% loss 1 and wt% loss 2) of the respective samples are presented in the Table 1 . Weight percent losses (W 1 % and W 2 %) are estimated in the primary zone and middle zone, respectively. The TGA behaviors of HDPE resin and HF are shown in Figure 3 . Curves A, B, C and D depict the degradation pattern of HDPE resin, untreated (UN), 0.25-N and 0.5-N alkali-treated (AT) HF, respectively. At the temperature range from ambient to 100°C, a small amount of weight loss was observed due to removal of moisture contents.
The degradation strength of HFs were a bit improved after applying the surface treatment of HFs. In the middle zone, rapid degradation was observed due to cleavage of the chemical bonding of material samples. Maximum weight loss of HDPE resin was found at the temperature range 330-495°C. However, weight losses of HFs were observed within the temperature range of 220-673°C, which improved the thermal stability using surface treatments of the fibers as shown in Table 1 . Residue was found in the last zone due to the presence of non-volatile matters (fly ash and other contents).
Curves A, B, and C shows the TGA thermograms of the untreated, 0.25-N and 0.5-N alkali-treated 5% HF-/HDPE-reinforced composites shown in Figure 4 . Small weight loss% was observed in the initial zone, which appeared due to the presence of fiber contents in the reinforced composite. Huge weight loss was found in the middle zone, 340-589°C and also reduced the material contents up to 99.262% weight loss. A small amount of residue was left after the final zone degradation. The 0.25-N AT improved the degradation stability of composite, which is shown in Table 1 .
The TGA thermograms of the untreated, 0.25-N and 0.5-N alkali-treated 15% HF-/HDPE-reinforced composites are shown in Figure 5 (curves A, B and C; respectively). In the primary zone, a small amount of weight loss appeared due to fiber contents in the composite. Maximum weight loss was observed in the middle zone of the temperature range 360-589°C and up to 97.48% weight reduced due to breakage of chemical bonding. Up to 1.85% of residue was found after the final zone degradation of composite at a temperature of 589°C. The thermal strength of the HF-/ HDPE-reinforced composite improved the degradation temperature after applying the 0.25-N AT on the fibers, which are shown in Table 1 .
The TGA thermograms of the untreated, 0.25-N and 0.5-N alkali-treated 25% HF-/HDPE-reinforced composites are shown in Figure 6 (curves A, B and C; respectively). The thermal degradation pattern was almost similar as in the previous tested reinforced composite, and the thermal stability of the 25% HF-/HDPE-reinforced composite was reduced after increasing the fiber loading. The 0.25-N AT enhanced the degradation temperature of the composite, which is shown in Table 1 .
Thus, the surface modification of the fibers played an important role to enhance the thermal stability of the composite, which showed the similar pattern as tensile strength. The 0.25-N alkali-treated 15% HF-/HDPE-reinforced composite was observed to have superior stability during the TGA study.
DTG analysis
The DTG thermograms of the HDPE resin, UTHF, ATHF, untreated HF/HDPE composites, and treated HF/HDPE composites are shown in Figures 7-10 .
The DTG thermograms of the HDPE, UTHF, 0.25-N AT HF, and 0.5-N AT HF are shown in Figure 7 (curves A, B, C and D, respectively). Curve A has a DTG thermogram pattern of the HDPE resin within the range of 240-538°C. The large peak was examined with a high rate of weight% loss (16.06 wt.% loss/min) at 454°C, and degradation of the composite was almost constant at 538°C. The degradation of untreated HF was observed in three rates within the range of 30.4-687°C. In a specific temperature range, degradation rates of untreated HF were found with 1.25, 3.57 and 3.09 wt.% loss/min at temperatures of 69.5°C, 275°C and 643°C, respectively. Similar degradation rates were observed for 0.25-N AT HF and 0.5-N AT HF. Degradation rates of 0.25-N AT HF was examined with 1.38, 4.16 and 5.56 wt.% loss/min at temperatures of 70.5°C, 320°C and 590°C, respectively. Weight loss rates (1.38, 4.8 and 2.99 wt.% loss/min) were observed at 70.1°C, 306°C and 535°C, respectively, for 0.5-N AT HF. The degradation temperature range was affected after applying ATs of HF. The DTG behavior was improved after the 0.25-N AT and 0.5-N AT damaged the surface of the HF, which is shown in the SEM results.
The DTG thermograms of the UT, 0.25-N AT, and 0.5-N AT with 5% HF/HDPE composites are shown in Figure 8 (curves A, B and C, respectively). The two major peaks were observed during the DTG study of the untreated and alkalitreated 5% HF/HDPE composites within the temperature range of 218-619°C. In curve A, degradation rates (20.16 and 15.77 wt.% loss/min) were examined at 446.1°C and 485°C. Similar thermograms were observed for the study of 0.25-N AT and 0.5-N AT with 5% HF/HDPE composites. In curve B, degradation rates of 16.85 and 17.54 wt.% loss/min were obtained at 446°C and 477°C, respectively. The degradation rates of 19.79 and 15.7 wt.% loss/min were observed in curve C at 466.9°C and 473°C, respectively. According to the above DTG thermograms, in the 0.25-N alkali-treated composite, optimum thermal stability was observed compared to the 0.5-N alkali-treated and untreated composites.
The DTG thermograms of the UT, 0.25-N AT and 0.5-N AT with 15% HF/HDPE composites are shown in Figure 9 (curves A, B and C, respectively). The major two peaks were obtained during the DTG study of the untreated and alkalitreated 15% HF/HDPE composites at the temperature range of 231-608°C. The 15% HF/HDPE composites were found to be more stable compared to the 5% HF/HDPE composites due to optimum interlocking between the fiber and the matrix. In curve A, the degradation rates of 19.8 and 15.67 wt.% loss/min were observed at 446.3°C and 487°C, respectively. The 0.25-N AT 15% HF/HDPE composite (curve B) had weight reduction rates of 16.9 and 9.75 wt.% loss/ min at 467.6°C and 473°C, respectively. A similar thermogram was found for the 0.5-N AT 15% HF/HDPE composite in curve C, which was observed to have more reduction rates of 20.8 and 17.5 wt.% loss/min at 467.6°C and 478°C, respectively. The degradation rate of the 0.25-N AT 15% HF/ HDPE composite showed the optimum thermal stability. The DTG thermograms of the UT, 0.25-N AT and 0.5-N AT with 25% HF/HDPE composites are shown in Figure 10  (curves A, B and C, respectively) . The two major peaks were observed during the DTG study of the untreated and alkali-treated 25% HF/HDPE composites within the temperature range of 222-632°C. In curve A, the degradation rates of 15.62 and 12.98 wt% loss/min were obtained at 446.3°C and 464°C, respectively. The 0.25-N AT 25% HF/HDPE composite (curve B) showed the weight reduction rates of 13.77 and 9.73 wt.% loss/min at 434.1°C and 489°C, respectively. A similar thermogram was found for the 0.5-N AT 25% HF/HDPE composites in curve C, which showed the reduction rates of 14.1 and 13.22 wt% loss/ min at 446.3°C and 484°C, respectively. The degradation rate of the 0.25-N AT 25% HF/HDPE composite has the optimum thermal stability compared to other (UT and 0.5-N AT) composites. The higher rate of weight reduction was observed at 436.3°C for the untreated 25% HF/HDPE composite and 443.1°C for the 0.25-N AT 25% HF/HDPE composite, which showed the improvement in the thermal stability of the 0.25-N AT 25% HF/HDPE composite.
Thus, it has been observed that the thermal stability (DTG analysis) of the HF-/HDPE-reinforced composite was improved by AT. The 0.25-N alkali-treated HF-/HDPE-reinforced composite has been investigated for its optimum thermal stability with 15% fiber loading, which provided similar results as a tensile test.
DTA/DSC analysis
The observations of the DTA thermograms of the HDPE, UT, 0.25-N AT and 0.5-N AT HF are shown in Figure 11 (curves A, B, C and D, respectively). The DTA thermograms of the respective samples showed distinct endothermic and exothermic peaks, which absorb and release heat from the surroundings. The nature of the peaks and the relative ΔH value of the samples are observed from the DTA thermograms, which are shown in Table 2 . The DTA thermogram of the HDPE was investigated from curve A, and one endothermic and three exothermic natures of the reactions were observed. This endothermicity of the reaction was obtained in the beginning of the reaction and further reaction approached to exothermicity due to releasing of heat in surrounding. One endothermic and one exothermic nature of the sample were observed during the study of the DTA thermogram of the UN HF. After applying ATs on HFs, fiber has lost their original structure and converted into the zones of short microfibril. These short microfibrils may have some influence in shifting the peaks. The second exothermic peak of 0.25-N AT HF was observed at temperature 606°C, which was a higher value of ΔH as compared to other HF peaks. Thus, the 0.25-N AT HF provided a better thermal stability.
Tensile mechanical test
Tensile results (tensile strength and tensile modulus) of UT, 0.25-N AT, and 0.50-N AT HFs and composites are shown in Table 3 . Tensile strength of untreated HF was examined to be 175.442 MPa, which was raised up to 179.105 MPa after applying the 0.25-N AT. Further treatment (0.50-N AT) reduced the strength and damaged the fiber surface, which are shown in the SEM results. The experimental results showed that the tensile properties of the untreated and treated samples increased with increasing fiber loading from 0 to 15 wt%, and beyond 15 wt% of fiber loading, tensile properties were substantially decreased [15] . The value of the tensile strength was 19.02% less than the virgin HDPE matrix, but the tensile modulus was observed to be 29.7%, which was more than that of the virgin HDPE matrix. The tensile behavior of the composite was affected after applying ATs. The values of the tensile strength (1.67%) and modulus (2.42%) were more compared to those of the UT 15% HF/HDPE composite. The 0.25-N AT formed pits and roughness over the fiber surface, which improved the adhesion between the fiber and the matrix, and the superior strength of the reinforced composites was also achieved. The chemical treatment was found to be a superior technique of fiber modification, which increased the surface roughness of the fiber due to the hydrophilic characteristic [2] .
Conclusions
The effect of fiber loading and surface modification on the thermal properties of HF-/HDPE-reinforced composites has been investigated. The thermal properties (TGA, DTG and DSC) were improved by applying the surface modification of fibers with 0.25-N AT. By applying further treatments (0.5-N AT) on the HF, the properties of the fiber were reduced due to the fracture of the fiber surface, which was shown in the SEM results. The degradation of the 0.25-N AT 15% HF-/HDPEreinforced composite had observed optimum results compared to the untreated and another level of AT-reinforced composites. These results are shown in Tables 1 and 2 . It was observed that there was a shifting of the exothermic peaks toward a higher temperature of the 0.25-N treated fiber compared to the untreated and another level of AT fiber in DTA thermograms. The SEM morphology easily verified the effect of chemical treatment on the fibers. This treatment of fibers is useful for the study of bonding between the fiber and the matrix. The tensile mechanical test investigated the fiber and composite strengths, which were affected by applying ATs. The 0.25-N AT 15% HF-/HDPE-reinforced composite has achieved superior strength and modulus, which is useful for the study of thermal stability. The above characterization of the HF-/HDPE-reinforced composites is useful for the development of a stable reinforced composite.
